Background Brachial blood pressure predicts cardiovascular outcome at rest and during exercise. However, because of pulse pressure amplification, there is a marked difference between brachial pressure and central (aortic) pressure. Although central pressure is likely to have greater clinical importance, very little data exist regarding the central haemodynamic response to exercise. The aim of the present study was to determine the central and peripheral haemodynamic response to incremental aerobic exercise.
Introduction
High peripheral blood pressure is a well-established risk factor for future cardiovascular events [1] . An exaggerated systolic blood pressure response to low-intensity exercise is also a strong predictor of cardiovascular mortality in otherwise healthy middle-aged men [2, 3] . Traditionally, blood pressure is measured by cuff sphygmomanometry at the brachial artery. However, there is variation in blood pressure throughout the arterial tree, with systolic blood pressure increasing towards the periphery, while diastolic and mean arterial pressures remain relatively constant. The overall effect is the amplification of pulse pressure from the aorta to the brachial artery. Therefore, blood pressure obtained peripherally is not representative of central blood pressure [4] . Indeed, during exercise, aortic systolic blood pressure may be overestimated by as much as 80 mmHg if only brachial systolic blood pressure is considered [5] .
The variation in pulse pressure throughout the arterial tree is likely to be clinically important because the heart, coronary and carotid arteries are influenced by central, not peripheral blood pressure. Indeed, it is central blood pressure that determines left ventricular workload [6] and correlates with carotid artery intima-media thickness [7] , both of which are independent predictors of mortality. Moreover, central blood pressure is a stronger predictor of all-cause mortality in high-risk patients with cardiovascular disease than peripheral blood pressure [8] . However, the difference between central and peripheral pressure varies with a number of factors, including age [9] , gender and heart rate [10] .
Some early studies have examined pressure waveform changes in healthy men during supine cycling or treadmill running using invasive recordings [5, 11, 12] , but there is no data on the central haemodynamic response to upright cycling in this population. Nor is there information on the effect of this mode of exercise on parameters now known to be predictive of mortality, such as augmentation index. We hypothesized that exercise would not only alter pulse pressure amplification but also augmentation index, because of changes in wave reflection. The aim of this study was to test this hypothesis in a cohort of healthy young individuals using pulse wave analysis to assess central haemodynamics noninvasively.
Methods

Subjects
Twelve healthy young men (age 31 ± 1 years) were recruited for the study. Subjects were either sedentary or recreationally active, and none were participating in regular exercise training for competition. Cigarette smokers, and subjects with hypercholesterolaemia (total cholesterol > 6·0 mmol L − 1 ), hypertension (> 140/90 mmHg) or a history of cardiovascular disease or diabetes and those individuals receiving medication were excluded. The local research ethics committee approved procedures and participants gave their written informed consent. The study was performed according to the Declaration of Helsinki.
Peripheral blood pressure
Peripheral systolic and diastolic blood pressures were measured at the right arm using an electrocardiogram gated ascultatory device (Accutracker II, SunTech II SunTech Medical Instruments, Raleigh, USA), which has been validated for use during exercise [13, 14] . All readings were taken with the subject's arm relaxed and supported with the cuff at the level of the heart.
Central haemodynamics
Peripheral pressure waveforms were obtained from the radial artery of the left arm using servo-controlled applanation tonometry (Colin CBM-7000; Colin Corp., Komaki City, Japan). Pulse wave analysis (SphygmoCor 7·01; AtCor Medical, Sydney, Australia) was then used to derive a central (ascending aortic) pressure waveform from the peripheral (radial) pressure waveform using a validated transfer function [15] [16] [17] . A typically derived centralpressure waveform from a middle-aged person is depicted in Fig. 1 . Augmentation index (AIx), a measure of systemic arterial stiffness [18] , was calculated as the difference between the second (P 2 ) and first (P 1 ) peaks expressed as a percentage of the pulse pressure (PP). Timing of the reflected pressure wave (T R ) was determined by the method of Murgo et al . [19] as the time between the foot of the pressure wave (T F ) and the inflection point (P i ). The T R denotes the round-trip travel time of the pulse wave to peripheral reflecting sites and its return to the heart. It has been shown to correlate strongly with aortic pulse wave velocity [20, 21] and is an indicator of aortic stiffness. The area under the aortic systolic (tension time index; TTI) and diastolic (diastolic time index; DTI) portions of the pressure wave was determined by the area under the waveform during systole and diastole, respectively. The TTI relates to myocardial oxygen demand and DTI to coronary perfusion [22] . Pulse pressure amplification was calculated as the ratio of the peripheral pulse pressure to central pulse pressure (PPP : CPP) [9] . The nonaugmented pulse pressure amplification was calculated as the ratio of the peripheral pulse pressure to nonaugmented central pulse pressure (PPP : CDBP -P 1 ).
In a separate study, we prospectively tested the validity of the generalized transfer function at rest and during aerobic exercise in six patients aged 53 ± 7 years (three men) undergoing diagnostic coronary angiograms via femoral ( n = 4) Figure 1 Typical resting ascending aortic waveform in a healthy middle-aged man. Two systolic peaks are labelled P 1 and P 2 . The area under the curve (AUC) during systole is the tension time index (TTI), and AUC during diastole is diastolic time index (DTI). T R is defined as the time between the foot of the wave (T F ) and the inflection point (P i ).
or brachial ( n = 2) approach. Following the angiographic procedure, a micromanometer-tipped 6F Millar catheter (Millar Instruments, Houston, USA) was placed in the ascending aorta to record aortic pressure waveforms. Simultaneous radial pressure waveforms were recorded as described previously, at rest and following one-or two-legged supine exercise on a portable cycle ergometer. Offline analysis of the direct and synthesized central pressure signals was performed using the  7·01 software. There was excellent agreement between measures with a mean difference ( ± SD) for central systolic blood pressure and central pulse pressure of 1·8 ± 1·1 mmHg at rest, and − 0·8 ± 1·6 mmHg at peak exercise. During exercise, heart rate and mean arterial pressure were increased from resting values by 13 ± 9 beats min − 1 and 12 ± 8 mmHg (mean ± SD), respectively. There was significant disparity between the radial and measured aortic pulse pressures at rest (68 ± 16 mmHg vs. 53 ± 13 mmHg, respectively) and during exercise (82 ± 8 mmHg vs. 64 ± 7 mmHg; P < 0·01 for both). Thus, although the transfer function has previously been validated, we showed good agreement during exercise.
Cardiorespiratory fitness
Maximal oxygen consumption (VO 2 max) and heart rate at VO 2 max (HRmax) were determined on an ergometric stationary bicycle (874E; Monark Exercise AB, Varberg, Sweden). The incremental test commenced at an initial workload of 60 W, which was increased thereafter by 30 W every 3 min until 180 W, then by 20 W per minute until volitional fatigue. Heart rate was recorded from a 12-lead ECG at rest and at the end of each workload. Expired air was analysed every 30 s during exercise using Pulmolab model Ex 670 mass spectrometry gas analysis (Morgan Medical Ltd, Kent, UK).
Study protocol
Subjects were studied on two occasions within 14 days. Prior to each visit, subjects were asked to avoid caffeinated drinks and heavy exercise for 3 and 24 h, respectively. At the first visit, a blood sample was obtained (for measurement of serum lipids and glucose by standard laboratory techniques) and subjects performed a maximal exercise test in which their VO 2 max and HRmax were determined. At the second visit, subjects were seated quietly for 15 min before baseline peripheral and central haemodynamic measurements were taken simultaneously in triplicate. Subjects then exercised on a bicycle ergometer at 50 r.p.m and at a heart rate equal to 50%, 60%, 70% and 80% of their HRmax (the cycling protocol avoided the 'beat' phenomenon that may occur during running as described by Palatini et al . [23] ). Resistance on the bicycle was adjusted in order for each subject to maintain a steady state heart rate for a minimum of 4 min at each exercise intensity. The average of two simultaneously recorded measures of peripheral and central haemodynamics, during each exercise workload, was taken for later analysis. In the postexercise period, readings were taken at 2-min intervals for 10 min.
Data analysis
Data are presented as means ± SEM and were analysed as change from baseline using one-way analysis of variance (  ) with Bonferroni's post hoc test. Comparisons between variables during exercise were analysed by repeated measures  . Paired Student's t -tests were used as indicated and P < 0·05 considered significant. Pearson product moment coefficient of correlation ( r ) was used to determine relationships between variables within the data pooled from resting and exercise conditions.
Results
The baseline characteristics of subjects are presented in Table 1 , and the effect of increasing exercise intensity on haemodynamics is presented in Table 2 . Compared to the baseline, all haemodynamic parameters, except peripheral diastolic blood pressure, changed significantly with exercise ( P < 0·05). Central diastolic blood pressure was significantly higher than peripheral diastolic blood pressure at each intensity of exercise ( P < 0·001 for all comparisons; Table 2 ), but there was no significant difference in the effect of exercise on the two parameters ( P = 0·3). There was a significant reduction in T R with exercise ( P < 0·001), indicating an increase in estimated aortic pulse wave velocity. When the baseline and exercise data were pooled, mean arterial pressure was negatively associated with T R ( r = -0·54; P < 0·001) and positively associated with TTI ( r = 0·61; P < 0·001). Pulse pressure amplification increased significantly at all levels of exercise compared to the baseline ( P < 0·001; Fig. 2 ) and was positively associated with heart rate ( r = 0·60; P < 0·001) when the resting and exercise data were pooled. The peripheral pulse pressure increased significantly more than the central pulse pressure ( P < 0·001) and peripheral 
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BMI, body mass index; VO 2 max, maximal oxygen consumption.
systolic increased more than central systolic blood pressure (P < 0·001) during exercise. The nonaugmented pulse pressure amplification also increased significantly (P < 0·001) at all exercise intensities (Fig. 3) . The increase in pulse pressure amplification was not dependent on the intensity of exercise, as there were no significant changes in amplification from 50% to 80% of HRmax (P = 0·7). For the pooled resting and exercise data, heart rate was inversely correlated with AIx (r = -0·64; P < 0·001) and positively correlated with central pulse pressure (r = 0·60; 52 ± 3 * Significance < 0·001 < 0·001 < 0·001 < 0·001 < 0·001 < 0·001 0·08 < 0·001 < 0·001 0·007 < 0·001
HR, heart rate; AIx, augmentation index; Aug, augmented pressure; MAP, mean arterial pressure; T R , estimated aortic pulse wave velocity; PSBP, peripheral systolic blood pressure; PDBP, peripheral diastolic blood pressure; PPP, peripheral pulse pressure; CSBP, central systolic blood pressure; CDBP, central diastolic blood pressure; CPP, central pulse pressure. All values are mean ± SEM. Data were analysed by one way  and post hoc multiple comparisons adjusted using Bonferroni's tests. Significant differences compared to baseline are indicated by * P < 0·05. Significant difference from PDBP is indicated by † P < 0·001. Sample n = 12. P < 0·001) and TTI (r = 0·87; P < 0·001). Compared to the baseline, TTI was significantly increased and DTI significantly decreased at each exercise intensity. The TTI at 70% and 80% HRmax was significantly greater than at 50% HRmax, and TTI at 80% HRmax was significantly greater than at 60% HRmax. These data are shown in Fig. 4 .
Discussion
In the present study, we evaluated haemodynamic responses to different intensities of exercise in healthy young men, using applanation tonometry and pulse wave analysis. Our results confirm previous work, showing that pulse pressure amplification is increased by exercise. The main novel finding of the current study was that exercise significantly increased nonaugmented pulse pressure amplification, even though this index is known to be unaffected by other factors that appreciably alter ventricular-vascular interaction. Furthermore, estimated aortic pulse wave velocity increased during exercise, signifying increased aortic stiffness. Finally, we found that augmentation index (AIx) was significantly reduced during exercise, an effect that was likely caused by a combination of peripheral vasodilation and increased heart rate.
Pulse pressure amplification and central pressures
Normally, moving from the central to the peripheral arteries, pulse pressure widens. This amplification of pulse pressure may be augmented with increasing heart rate [10] and postural changes [11] , and reduced with increasing age [9] , certain vasoactive drugs [24] and hypercholesterolemia [25] . The findings of the present study are in agreement with previous work, showing that amplification of the pulse pressure is increased during exercise [5, 11] . This effect has previously been attributed to peripheral systolic blood pressure increasing significantly more than central systolic blood pressure [5] , which was also observed in the current study (P < 0·001). This may be the result, in part, of the increase in heart rate observed during exercise. An increase in heart rate will shorten the absolute duration of systole, forcing the reflected wave into diastole. Because the reflected wave contributes more to central rather than peripheral systolic pressure, the net effect will be to attenuate any rise in central systolic pressure, thus increasing the difference between central and peripheral systolic pressures. Indeed, we have previously demonstrated such an effect of heart rate per se on pulse pressure amplification [26] . Conversely, the observed rise in mean arterial pressure is unlikely to explain the increase in amplification during exercise because we have previously demonstrated a negative association between distending pressure and amplification [27] .
In order to further investigate the effect of exercise on pulse pressure amplification, the amplification properties of the brachiocephalic system itself were assessed by measuring the nonaugmented pulse pressure amplification ratio. This removes the influence of wave reflection during systole, thus enabling a true assessment of pressure amplification. We found that exercise significantly increases this ratio, but not in a manner that is dependent on the intensity of exercise. Therefore, the stimulus of exercise alters the transmission characteristics of the arterial system from the aorta to the brachial artery. This is of particular interest since nonaugmented amplification is unaffected by gender, age, heart rate and vasoactive drugs [10, 24, 26, 27] . This effect may be the result of a change in the profile of the forward going wave, or preferential stiffening of the brachial artery. Indeed, a recent study showed a 35% increase from resting values in brachial pulse wave velocity following maximal exercise [28] .
To examine further changes in the central (aortic) pressure waveform that occurred throughout the study, we analysed the area under the central systolic (TTI) and diastolic (DTI) pressure waveforms, enabling assessment of the subendocardial viability ratio. The TTI significantly increased in an intensity-dependent manner with exercise, whereas DTI significantly decreased at the onset of exercise and did not change thereafter with heightened exercise intensity (Fig. 4) . This effect resulted in a stepwise significant reduction in the subendocardial viability ratio as exercise intensity increased. Because the TTI is associated with oxygen consumption and DTI relates to the pressure and time for coronary artery perfusion [22] , the significantly reduced time for coronary perfusion, coupled with increased oxygen demand, may contribute to myocardial ischemia with increased exercise intensity. Whether the exercise oxygen demand-supply relationship may differ in other subject populations is unknown, although there is recent evidence to suggest that subendocardial perfusion capacity is improved in endurance athletes, at least under resting conditions [29] .
Arterial stiffness
In order to assess arterial stiffness, estimated aortic pulse wave velocity (T R ) and AIx were calculated from the central pressure waveform. Exercise caused a significant fall in AIx, whereas estimated aortic pulse wave velocity and mean arterial pressure increased, suggesting that, overall, exercise caused an acute increase in arterial stiffness. The fall in AIx during exercise is most likely related to the significant increase in heart rate, because there is an inverse relationship between these two parameters [26, 30] , which exists independently of arterial stiffness [10, 31] . Moreover, vasodilatation of muscular arteries in the leg during exercise (potentially via endothelium-dependent mechanisms) was probably a major contributor to reduced wave reflection and thus a fall in AIx. Our findings are consistent with those of others, who found input impedance (a measure of reflection intensity directly related to AIx) to decrease with exercise [12, 32] .
In the present study, as exercise intensity increased there was a graded increase in mean arterial pressure, which was significantly correlated to T R (r = -0·54; P < 0·001). Hence, the increase in estimated aortic pulse wave velocity might have been secondary to an increase in mean arterial pressure, a key determinant of arterial stiffness. The increase in heart rate is unlikely to have contributed to the observed changes in estimated aortic pulse wave velocity, as previous data indicate that when heart rate is incrementally raised with cardiac pacing, there is no change in T R or mean arterial pressure [10] . The relationship between these two variables has relevance because, as mean pressure increases, there is a change in the type of fibres that sustain vessel-wall stresses. At low mean pressures the more compliant elastin fibres predominate, but collagen fibres are progressively recruited with mounting pressure [33] , effectively 'stiffening' the large central elastic arteries, resulting in increased pulse wave velocity. Thus, in the present study, as has been suggested previously [12] , it is likely that exercise acutely altered aortic stiffness.
Study significance
The present study describes a significant discrepancy between the central and peripheral blood pressure response to exercise in healthy young men. Such findings highlight the need to assess the predictive value of central compared to peripheral blood pressure changes during exercise, as it is likely that central blood pressure changes will more powerfully predict future cardiovascular risk. Central haemodynamics determines left ventricular workload [6] and remodelling [34] , and also predict cardiovascular mortality [8] . Notwithstanding the known cardioprotective effect of regular aerobic exercise, an excessive rise in central pressures, particularly in response to low-level exercise such as that associated with activities of daily living, may increase cardiovascular risk.
Summary
Using noninvasive methods, we have examined the central and peripheral haemodynamic responses to different exercise intensities in healthy young men. During exercise, there was a significant difference between the peripheral (brachial artery) and central (aorta) blood pressure responses, such that exercise significantly enhanced central to peripheral pulse pressure amplification. Exercise also increased estimated aortic pulse wave velocity, indicating increased aortic stiffness, although this effect was probably secondary to an increase in mean arterial pressure. We conclude that exercise acutely changes the biophysical properties of the large central arteries resulting in arterial stiffening. Furthermore, we suggest that determining the central and peripheral haemodynamic reaction to exercise may more accurately predict cardiovascular risk rather than peripheral measures alone. 
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